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Abstract

Polymer-supported Pd(AAEMA)(Pd-pol) [AAEMA™: deprotonated form of 2-(acetoacetoxy)ethyl methacrylate] in the
presence of chiral ligands catalyses the asymmetric substitutitacdf,3-diphenyl-2-propenyl acetate with dimethyl mal-

onate. A series of conventional ligands were tested: the enantioselectivities (up to 93% ee) were similar to those observed
employing the analogous homogeneous catalyst or a classical soluble palladium complex. In some case the supported catalys

was used in two subsequent runs with only a slight loss of activity and selectivity.

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The asymmetric allylic alkylation is an important
tool for the synthesis of optically pure organic com-
poundd1]. This reaction is generally promoted by sol-
uble palladium complexes generated in situ by adding
some chiral ligands (for reviews, sg&) to a solution
of mr-allylpalladium chloride. There are only few ex-
amples[3] of the exploitation of this cross-coupling

reaction in the presence of heterogeneous catalysts.
Among the most recent ones, there are three different

classes of catalysis:

e The achiral system, concerning with the use of an
aqueous/organic two-phase catalysis in which the
palladium catalyst is immobilised in the aqueous
phase or on the surface of an hydrophilic support,
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such as an inorganic oxidd], silica[5], cellulose
[6]. In all these examples the catalysts are recy-
clable, but the reactions have not been performed
enantioselectively.

The addition of polymeric chiral ligands to the
reaction mixture containingr-allylpalladium chlo-
ride in order to generate in situ the heteroge-
neous active catalyst. In this system the catalyst
allowed to obtain up to 85% ee in the alkyla-
tion of several allylic acetates using polymeric
nitrogen ligandg7], and up to 80% ee in the sub-
stitution of rac-1,3-diphenyl-2-propenyl acetate
with dimethyl malonate using pyridinooxazolines
[8] grafted to cross-linked polystyrene and to
polyethyleneglycol-containing resins TentaGel and
ArgoGel. Unfortunately, in all these cases the re-
covered resin lost its catalytic activity after the first
catalytic cycle.

The use of pre-formed heterogeneous chiral cat-
alysts, such as an amphiphilic resin-supported
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PN-chelating palladium complex9] which was
effective in water solvent and recyclable with
up to 98% ee, and a palladium complex with
an amphiphilic PN-chiral ligand derived from
p-glucosaming10], which is soluble in water and
represents an efficient and recyclable catalyst for
asymmetric allylic substitution in aqueous/organic
biphasic medium (up to 85% ee).

Following our studies on the catalytic activity of
polymer-supported PAd(AAEMA)(denoted as Pd-pol)
[11] in C—C bond forming reactiorfd 2], we have in-
vestigated a new method for the design of a hybrid chi-
ral catalytic system for the allylic alkylation reaction,
based on the use of a polymeric palladium complex in
the presence of a chiral ligand, in order to generate in
situ an insoluble asymmetric palladium catalyst. The
best results in terms of catalytic activity and recycla-
bility were obtained using Pd-pol in conjunction with
a ferrocenylphosphine.

2. Results and discussion

As heterogeneous catalyst for the allylic alkylation
we used Pd-pol in the presence of different conven-
tional chiral ligands, such as—{-(R)-N,N-dimethyl-
1-[(9-2-(diphenylphosphino)ferrocenyl]-ethylamine
[(R9-PPFA] [13], (R-(—)-1-[(9-2-(diphenylphos-
phino)ferrocenyl]ethyldicyclohexylphosphine RE)-
JOSIPHOS][14], (2R,3R)-(—)-2,3-bis(diphenylphos-
phino)-bicyclo[2.2.1]hept-5-ene  RR)-NORPHOS]
[15], known to be efficient in the asymmetric al-
lylic alkylation (Fig. 1). As model reaction we chose
the allylic alkylation ofrac-1,3-diphenyl-2-propenyl

(R,S)-PPFA

(R,S)-JOSIPHOS
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Table 1

Allylic alkylation of rac-1,3-diphenyl-2-propenyl acetate
(0.5mmol) with dimethyl malonate (1.5mmol) in the presence
of N,O-bis(trimethylsilyl)acetamide (BSA) (1.5mmol), KOAc
(2mg), Pd-pol (0.0123 mmol of Pd), chiral ligand (0.015 mmol),
at 21°C in CHyCl, (3ml) under 1atm N

Entry  Chiral ligand Time (h)  Yield (%) e& (%)
1 (RS-PPFA 14 80 60
2 - 14 70 54
3 (RS-PPFA 14 90 61
4° - 14 80 56
d.e (RS-PPFA 14 85 62
d.f (RS-PPFA 14 75 59
7 (RS-JOSIPHOS 96 90 93
8° - 120 71 85
9 (RR-NORPHOS 14 60 69

alsolated yield.

bThe ee inS-enantiomer determined by HPLC analysis and
by its optical rotation[16].

¢ Reaction promoted by the catalyst recovered from the reaction
described in the previous entry without adding any chiral ligand.

dIn the presence of 0.030 mmol of chiral ligand.

€The palladium catalyst is Pd(AAEMA)(0.0123 mmol).

f The palladium catalyst is Pd(acaq)0.0123 mmol).

acetate with dimethyl malonate in the presence of
N,O-bis(trimethylsilyl)acetamide (BSA) and a cat-
alytic amount of KOAc §cheme YLin CHxCl,. The
obtained results are shown Table 1

In the preliminary experiments, the allylic alky-
lation of rac-1,3-diphenyl-2-propenyl acetate with
dimethyl malonate was carried out in the presence of
Pd-pol without any ligand, but no coupling occured.
When triphenylphosphine was added to the reaction
mixture, the racemic alkylation product was obtained
in 6h with 80% yield. Unfortunately, the recovered
catalyst showed no residual catalytic activity due to

Fe

(R,R)-NORPHOS

Fig. 1. Chiral ligands used in the allylic alkylation model reaction.
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Pd-pol, chiral ligand th/\/Ph

Ph Ph
W + CHo(CO2CHa)s

OAc

BSA, KOAc
CH(CO.CHg),

Scheme 1. Model reaction.

severe palladium leaching revealed by the elemental amount equal to 0.95%. The consequent molar ratio

analyses.

In the presence of RS-PPFA (ligand/Pd =
1.2 mol/mol) as chiral ligand the coupling occurred in
14 h with an enantiomeric excess of 60% in the first
catalytic cycle (yield= 80%, entry 1) and 54% in the
recycle (yield= 70%, entry 2). The elemental analy-

P/Pd= 1.55 revealed that the ligand acted partially
as chelating and partially as monodentate before the
addition of the substrate.

Unfortunately, the catalytic activity oR.S)-PPFA/
Pd-pol system dramatically dropped after the second
run, and only negligible conversion of the substrate

sis of the recovered resin revealed the presence of thewas achieved in the third reaction cycle.

chiral ligand in the catalyst (B 0.6%) and a drop of
palladium amount from the initial value of 2.63% to
the final one of 1.26%. From these results it is evident
that the molar P/Pd ratio in the catalyst at the end
of the reaction is equal to 2, meaning that two lig-
ands are bound to the same metal ceniRS){PPFA

is a bidentate ligand, which generally binds to the
metal centre with both phosphorus and nitrogen func-
tionalities. However, due to a fluxional behaviour of
allylpalladium(l)-PPFA derivatives, Pd—N bond rup-
ture in PPFA complexes is frequently obsenjéd].

We assume that at the end of the catalytic cycle two
PPFA ligands co-ordinate the metal centre only by

In order to compare the reactivity of Pd-pol with
its soluble analogous, we carried out the alkylation
reaction ofrac-1,3-diphenyl-2-propenyl acetate with
dimethyl malonate, under the above mentioned con-
ditions, in the presence of monomeric Pd(AAEMA)
and R,9-PPFA (ligand/Pd= 2.5 mol/mal), obtaining
85% vyield in the coupling product and 62% ee in the
S enantiomer after 14h (entry 5). The reactivity of
Pd(AAEMA), was even better than that of commer-
cial Pd(acag): in the presence of the acetylacetonato
complex and R,S)-PPFA (ligand/Pd= 2.5 mol/mol)
the alkylation reaction afforded in 14 h a 75% yield
and a 59% ee in th8 coupling enantiomer (entry 6).

the phosphorus functionality, acting as monodentate From the reported data, it is apparent that the catalytic
ligand. For steric and electronic reasons the presenceactivities of Pd-pol, PA(AAEMA) and Pd(acag)are

of two chelating ligands on the metal anchored to the
AAEMA-polymer seems very unlikely.

According to these observations the model reaction
reported inScheme 1was carried out in the pres-
ence of a molar ratio PPFA/Pd equal to 2.5. Under

similar, suggesting that the same Pd(0)/Pd(Il) mecha-
nism [2] operates in all the considered catalytic sys-
tems.

In order to verify the possibility of a homogeneous
mechanism with the systenR)-PPFA/Pd-pol, we

these conditions the ee remained nearly unchangedstudied the catalytic activity of the reaction solution

whereas the yields in the first two cycles were slightly
higher (entries 3—4). Moreover, after two cycles the

after removal of the solid catalyst, by filtration at
about 20% conversion o&c-1,3-diphenyl-2-propenyl

phosphorus and the palladium contents were similar acetate. This reaction mixture without Pd-pol was

to those found in the previous experiments, indicat-

left under stirring, and it gave quantitative conver-

ing that the residual metal supported on the resin was sion of the substrate after further 14 h. This evidence,

bound to two equivalents oR(S)-PPFA, whatever was

the amount of chiral ligand added at the beginning.
To see if the Pd—N bond rupture occurred during the
catalytic cycle or if the chiral ligand acted as a mon-

odentate phosphane before the allylic alkylation reac-

tion, we left Pd-pol and 2.5 eqR(S)-PPFA in CHCl»

along with recyclability of Pd-pol shown above, sug-
gests that a slow leaching in the first two runs is
to be held responsible for the catalytic activity and
that a homogeneous mechanism is operative for the
(R,S-PPFA/Pd-pol system. Accordingly, the elemen-
tal analysis of the resin isolated at about 20% conver-

under stirring for 48 h. The recovered resin showed a sion showed a significant metal leaching (the residual
palladium amount equal to 2.1% and a phosphorous metal content dropped from 2.63% down to 1.60%).
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When R,9-JOSIPHOS was used as chiral ligand, ence of PPhor (RR)-NORPHOS the metal leaching
as expected, both the yield and the ee were satisfac-during the first cycle is almost quantitative, proba-
tory, reaching 90% yield and 93% ee in the first cycle bly due to the higher stability of the corresponding
(entry 7), and 71% vyield and 85% ee in the recycle soluble palladium complexes.

(entry 8). Unfortunately, also in this case metal leach-
ing was observed in significant content (Pd amount
passed from 2.63% before reaction to 1.60% after
two cycles). Comparing the activity of palladium al-
lyl chloride/(R,S)-JOSIPHOS14] catalytic system to
Pd-pol/RS-JOSIPHOS, we observed no substantial
differences in the catalyst selectivity, although the
Pd-pol based system was less active.

Eventually, the catalytic activity of Pd-pol in
the allylic alkylation reaction was investigated in
the presence of a non-ferrocenyl chiral ligand:
(RR)-NORPHOS[15]. After 14 h reaction the yield
was 60% and the ee 69% (entry 9), but the recovered
resin was inactive in subsequent cycles. The elemen-
tal analysis indicated again severe metal leaching;
during the first run the palladium amount dropped
from the initial value of 2.63% to 0.92%.

The data shown above indicate that the recyclability
of the catalytic system depends on the ligand used to
trigger the reaction: in the cases d&®,§-PPFA and
(R9-JOSIPHOS, the system is reusable whereas in
the other casesiRR)-NORPHOS and PRhcomplete
leaching limited the activity of Pd-pol to only the first
run.

A possible explaination of such a behaviour could
inhere the different steric and electronic effects of
the ferrocenyl- and non-ferrocenyl ligands, known to
be determinant for the enantioselectivity of the al-
lylic alkylation reaction[18]. These effects can also
influence the stability of the corresponding soluble
palladium complexes, so the more these complexes
are stable, the higher will be the metal loss.

4. Experimental

All manipulations and reactions with air- or
moisture-sensitive materials were carried out under
an atmosphere of nitrogen using standard Schlenk
techniques. Solvents were freshly distilled from the
appropriate drying agents and degassed before use.

All chemicals (including chiral ligands) were pur-
chased from Aldrich or Strem and used as received.
rac-1,3-Diphenyl-2-propenyl acetate was synthesised
using a literature procedur§l9]. The supported
catalyst (Pd-pol) was prepared according to the pro-
cedure reported iff11]. The palladium content in
the supported catalyst was determined by atomic
absorption spectrometry using a Perkin-Elmer 3110
instrument. The phosphorous amount in the recov-
ered catalyst was assessed by UV spectroscopy us-
ing a calibration curve. Chromatographic analyses
were carried out on Hewlett Packard 6890 instru-
ments using a HP-5 cross-linked 5% PH ME siloxane
(30.0mx 0.32 mmx 0.25um) column (injector tem-
perature 280C, FID temperature 28CC, carrier:
nitrogen). GC-MS data (El, 70 eV) were acquired on
a HP 6890 instrument (injector temperature 280
carrier: helium) using a HP-1 cross-linked methyl
siloxane (600 m x 0.25 mmx 1.0 mm) capillary col-
umn coupled with a mass spectrometer HP 5973. The
product was identified by comparison of its GC and
GC-MS features with those of an authentic sample.
Conversions were calculated gas chromatographically
using n-dodecane as internal standard calibrated to
the corresponding pure compound.

The enantiomeric excess was determined by HPLC
analysis with use of a chiral stationary phase column
. . . (CHIRALCEL OD-H; hexane/i-PrOH= 98/2, flow
Pd-pol_ is a catalyst for allylic aII_<yIat|(_)n of 0.5ml/min, x = 254 M. (R) = 19,60 min, 1;(S) =
rac-1,3-diphenyl-2-propenyl acetate with dimethyl 20,64 min).
malonate only in the presence of a phosphorous lig-
and. The system can reach good enantioselectivity (Up4.1. General procedure for Palladium-catalysed
to 93%) depending on the chiral ligand used. When gallylic alkylation
chiral ferrocenyl ligands, such afk §-PPFA and
(R9-JOSIPHOS were employed the supported cata- A mixture of ligand (0.015 mmol) and Pd-pol (Rl
lyst can be used in two subsequent runs. In the pres-2.63%, 0.0123 mmol of Pd) in dry dichloromethane

3. Conclusions
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